The P450 eicosanoids epoxyeicosatrienoic acids (EETs) are produced in brain and perform important biological functions, including protection from ischemic injury. The beneficial effect of EETs, however, is limited by their metabolism via soluble epoxide hydrolase (sEH). We tested the hypothesis that sEH inhibition is protective against ischemic brain damage in vivo by a mechanism linked to enhanced cerebral blood flow (CBF). We determined expression and distribution of sEH immunoreactivity (IR) in brain, and examined the effect of sEH inhibitor 12-(3-adamantan-1-ylureido)-dodecanoic acid butyl ester (AUDA-BE) on CBF and infarct size after experimental stroke in mice. Mice were administered a single intraperitoneal injection of AUDA-BE (10 mg/kg) or vehicle at 30 mins before 2-h middle cerebral artery occlusion (MCAO) or at reperfusion, in the presence and absence of P450 epoxygenase inhibitor N-methylsulfonyl-6-(2-propargyloxyphenyl) hexanamide (MS-PPOH). Immunoreactivity for sEH was detected in vascular and non-vascular brain compartments, with predominant expression in neuronal cell bodies and processes. 12-(3-Adamantan-1-ylureido)-dodecanoic acid butyl ester was detected in plasma and brain for up to 24 h after intraperitoneal injection, which was associated with inhibition of sEH activity in brain tissue. Finally, AUDA-BE significantly reduced infarct size at 24 h after MCAO, which was prevented by MS-PPOH. However, regional CBF rates measured by iodoantipyrine (IAP) autoradiography at end ischemia revealed no differences between AUDA-BE-and vehicle-treated mice. The findings suggest that sEH inhibition is protective against ischemic injury by non-vascular mechanisms, and that sEH may serve as a therapeutic target in stroke.
Introduction
We have shown previously that ischemic preconditioning induces the expression of cytochrome P450 epoxygenase in brain, which was associated with a reduction in infarct size after middle cerebral artery occlusion (MCAO) in the rat (Alkayed et al, 2002) . The P450 epoxygenase metabolizes arachidonic acid into biologically active eicosanoids referred to as epoxyeicosatrienoic acids (EETs). Epoxyeicosatrienoic acids are produced in brain by astrocytes (Alkayed et al, 1996b) and play an important role in the regulation of cerebral blood flow (CBF) (Alkayed et al, 1996a) and neurovascular coupling (Alkayed et al, 1997) . More recently, we showed that EETs reduce cell death induced in astrocytes by oxygen-glucose deprivation (Liu and Alkayed, 2005) . The biological activity of EETs is terminated through multiple pathways (Zeldin, 2001) , including metabolism by soluble epoxide hydrolase (sEH) into less active vicinal diols referred to as dihydroxyeicosatrienoic acids. However, despite indications for the presence of sEH activity and expression in brain (Shin et al, 2005) , the regional distribution and cellular localization of sEH in brain remain unknown. Furthermore, the precise function of sEH in brain, its role in EETs metabolism, and its contribution to ischemic brain injury have not yet been investigated. In the current study, we characterized for the first time the regional and cellular distribution of sEH immunoreactivity in brain, and tested the hypothesis that sEH inhibition, effectively increasing endogenous brain EETs, is protective against ischemic brain injury in vivo. To inhibit sEH, we used 12-(3-adamantan-1-yl-ureido)-dodecanoic acid butyl ester (AUDA-BE), a prototype of newly developed selective inhibitors of sEH Schmelzer et al, 2005) . However, it is not clear if these inhibitors cross the blood-brain barrier, and whether they reduce ischemic damage through non-vascular mechanism of action. Therefore, in the current study, we also characterized the pharmacokinetic profile of AUDA-BE and its ability to cross the blood-brain barrier and inhibit sEH enzymatic activity in brain tissue. Finally, we used [ 14 C]iodoantipyrine (IAP) autoradiography to determine if the mechanism of protection by sEH inhibition is linked to increased collateral CBF during vascular occlusion.
Materials and methods
The study was conducted in accordance with the National Institutes of Health guidelines for the care and use of animals in research, and protocols were approved by the Animal Care and Use Committee of Oregon Health and Science University (Portland, OR, USA).
Middle Cerebral Artery Occlusion in Mice
Transient focal cerebral ischemia was induced in adult male C57Bl/6 mice (20 to 26 g, Charles River, Hollister, CA, USA) using the intraluminal MCAO technique, as described previously (Alkayed et al, 2001) . Briefly, mice were anesthetized with halothane (1.5 to 2% in O 2 -enriched air by face mask), and kept warm with water pads. A small laser-Doppler probe was affixed to the skull to monitor cortical perfusion and verify vascular occlusion and reperfusion. A silicone-coated 6-0 nylon monofilament was inserted into the right internal carotid artery via the external carotid artery until laser-Doppler signal dropped to less than 20% of baseline. After securing the filament in place, the surgical site was closed, and the animal was awakened and assessed at 2 h of occlusion for neurological deficit using a simple neurological scoring system as follows: 0 = no deficit, 1 = failure to extend forelimb, 2 = circling, 3 = unilateral weakness, 4 = no spontaneous motor activity. Mice with clear neurological deficit were re-anesthetized, laser-Doppler probe re-positioned over same site on the skull, and the occluding filament was withdrawn to allow for reperfusion. Mice were then allowed to recover and observed for 1 day. Infarct size was measured at 24 h after MCAO in 2-mm thick coronal brain sections (five total) using 2,3,5-triphenyltetrazolium chloride staining and digital image analysis. Sections were incubated in 1.2% 2,3,5-triphenyltetrazolium chloride in saline for 15 mins at 371C, and then fixed in formalin for 24 h. Slices were photographed, and infarcted (unstained) and uninfarcted (red color) areas were measured with MCID software (InterFocus Imaging Ltd, Linton, UK) and integrated across all five slices. To account for the effect of edema, the infarcted area was estimated indirectly by subtracting the uninfarcted area in the ipsilateral hemisphere from the contralateral hemisphere, and expressing infarct volume as a percentage of contralateral hemisphere. To determine the effect of sEH inhibition on infarct size after MCAO, selective sEH inhibitor AUDA-BE (Schmelzer et al, 2005) was administered intraperitoneally 30 mins before MCAO or right after reperfusion (10 mg/kg in 100 mL sesame oil, n = 5 per group). To determine if the effect of AUDA-BE is mediated through EETs, AUDA-BE was co-administered with the P450 epoxygenase inhibitor N-methylsulfonyl-6-(2-propargyloxyphenyl) hexanamide (MS-PPOH, 0.5 mg/200 mL over 24 h via osmotic minipump, n = 5, Brand-Schieber et al, 2000) . The osmotic pumps (model 2001D; DURECT Corporation, Cupertino, CA, USA) were implanted subcutaneously 24 h before MCAO, and AUDA-BE was administered at the time of reperfusion. They have 8.07 1.0 mL/h (s.d.) mean pumping rate, which delivers 200 mL mean fill volume over 24-h period. Animals were randomly assigned to treatment groups.
Immunohistochemistry
To localize sEH immunoreactivity in brain, thin coronal sections (6 mm thick) were deparaffinized and heated in 0.5 mmol/L sodium citrate buffer at pH 6.0 in a steamer for 30 mins to intensify staining. Sections were rinsed in Tris-buffered saline (pH 7.6) with 0.1% Triton X-100, and blocked with 3% normal goat serum in phosphatebuffered saline (PBS) with 1% bovine serum albumin and 0.1% Triton for 20 mins at room temperature, followed by an avidin/biotin blocking step. Sections were then incubated with the primary antibody (rabbit antisEH, 1:10,000 (Draper and Hammock, 1999) overnight at 41C. A secondary goat anti-rabbit biotinylated antibody was applied for 30 mins at room temperature, and sections were then incubated with avidin-biotin-peroxidase complex (Vectastain Elite kit, Vector Laboratories, Burlingame, CA, USA) for 30 mins. The color reaction was visualized with diaminobenzidine and sections were lightly counterstained with Mayer's hematoxylin. Sections were dehydrated, overlaid with Permount, then coverslip, and observed with a light microscope. Negative controls were performed by replacing the primary antibody with nonimmune rabbit serum and by pre-absorbing the anti-sEH antibody with purified sEH protein.
Isolation of Cerebral Microvessels
To determine the relative distribution of sEH protein in vascular versus non-vascular compartments, cerebral microvessels were separated from parenchymal brain tissue according to a published protocol (Ospina et al, 2002) with slight modifications. Briefly, two mouse brains were pooled, homogenized in ice-cold PBS with a loosely fitting Dounce homogenizer, and centrifuged at 2,000 g for 5 mins at 41C. The supernatant was removed and stored on ice. The pellet was resuspended in PBS and centrifuged at 2,000 g for another 5 mins at 41C. The supernatant was combined with the first supernatant and centrifuged for 10 mins at 3,000 g at 41C. The resulting pellet containing the parenchymal fraction was stored at À801C. The first pellet was resuspended in PBS, carefully layered over a 15% dextran density gradient (molecular weight 35,000 to 40,000 kDa), and centrifuged in a swinging-bucket rotor for 35 mins at 3,500 g at 41C. The supernatant was discarded, and the pellet was resuspended in PBS, layered over dextran and centrifuged for an additional 35 mins at 3,500 g. The resulting pellet was thoroughly washed with ice-cold PBS over a 70 mm nylon mesh and cerebral vessels were collected and stored at À801C.
Protein Extraction, Sodium Dodecyl SulfatePolyacrylamide Gel Electrophoresis, and Western Blot
Brain tissue was homogenized in solution A containing sucrose (250 mmol/L), KCl (60 mmol/L), Tris-HCl (15 mmol/L), NaCl (15 mmol/L), ethylenediamine tetraacetic acid (5 mmol/L), ethylene glycol tetraacetic acid (1 mmol/L), phenylmethanesulfonyl fluoride (0.5 mmol/L), and dithiothreitol (10 mmol/L), then centrifuged at 2,000 g for 10 mins at 41C to isolate cytoplasmic protein. Parenchymal pellets and vessels were processed in a similar manner, except that solution A was supplemented with 0.5% Triton X-100. Protein samples (15 mg) were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to polyvinylidene difluoride membranes. Blots were then blocked in 5% dry milk and incubated at 41C overnight with a primary rabbit anti-sEH antibody. Signal was visualized using a biotinylated secondary antibody (Amersham Biosciences, Piscataway, NJ, USA) with an ECL plus (Amersham) chemiluminescence detection kit. Autoradiograms were scanned and band optical densities quantified with QuantityOne s software (BioRad Laboratories, Hercules, CA, USA). Blots were re-probed for the vascular smooth muscle cell marker aactin (Chemicon International, Inc., Temecula, CA, USA) and for b-actin (Sigma-Aldrich, St Louis, MO, USA) to ensure equal loading.
Soluble Epoxide Hydrolase Activity Assay
To determine if systemically administered AUDA-BE effectively suppresses enzyme activity in brain, sEH activity was determined at 1, 3, 6, and 24 h after drug administration (two animals at each time point, n = 8 total per group) using [ 3 H]-trans-diphenylpropene oxide (tDPPO) as a substrate (Borhan et al, 1995) . Rate of hydration of tDPPO is determined by liquid scintillation spectroscopy after differential extraction of the epoxide and diol. Briefly, cytosolic or peroxisomal fractions were incubated at 371C in 100 nL incubation mixtures containing sodium phosphate buffer (90 mmol/L, pH 7.4) and tDPPO (1 to 50 mmol/L in 1 mL dimethylformamide). Incubations were stopped after 5 mins with the addition of 60 mL methanol and 200 mL isooctane. Zero-time and zero-protein incubations served as blanks. Incubations were vortexed vigorously to extract the substrate into the isooctane (the diol metabolite remains in the aqueous phase). A known aliquot of the aqueous phase was removed and added to 1 mL scintillation cocktail for scintillation counting. Extraction efficiency exceeded 91%.
Regional Cerebral Blood Flow [
C]iodoantipyrine Autoradiography
End-ischemic regional CBF was measured in a nonsurvival cohort of C57Blk/6 mice using quantitative autoradiography with [
14 C]IAP, as described previously (Alkayed et al, 2001) . Two groups of mice (10 mg/kg AUDA-BE given 30 mins before MCAO and vehicle, n = 5 per group) were instrumented with femoral artery and jugular vein catheters, and MCA occluded as in the previous cohort. At 2 h of MCA occlusion, 1 mCi of [ 14 C]IAP in 75 mL of saline was infused intravenously for 45 secs. Free-flowing arterial blood was simultaneously sampled at 5-sec intervals for the arterial input function. With the filament in place, mice were decapitated at 45 secs after the start of infusion, and the brain was quickly removed and frozen in 2-methylbutane on dry ice. Brains were sectioned on a cryostat into 20-mm-thick coronal slices, which were thaw-mounted on coverslips and then apposed to film (Kodak, BioMax MR, Eastman Kodak Company, Rochester, NY, USA) with 14 C standards for 3 weeks. The concentration of [ 14 C]IAP in blood was determined by liquid scintillation spectroscopy (Beckman 6500) after decolorization with 0.2 mL of tissue solubilizer (Soluene-350, PerkinElmer, Waltham, MA, USA). Autoradiographic images representing five different coronal levels ( + 2, + 1, 0, -1, and -2 mm from Bregma, 3 images each) were digitized, and regional CBF was determined in specific regions with the use of image analysis software (MCID, 7.0). Additionally, areas perfused with specific regional CBF rates were isolated by digital image scanning and summed to construct a histogram distribution of brain tissue over incremental ranges of blood flow rates. Areas were averaged among two images and were integrated across five coronal levels to calculate brain tissue volumes perfused with particular flow rates.
Pharmacokinetic Parameters of Soluble Epoxide Hydrolase Inhibitors
12-(3-Adamantan-1-yl-ureido)-dodecanoic acid butyl ester was dissolved in sesame oil and administered as a single intraperitoneal injection of 10 or 40 mg/kg to C57Bl/6 mice (20 to 26 g). A second set of animals was injected with sesame oil alone (vehicle). Two mice from each treatment were decapitated; blood samples were collected at 1, 3, 6, and 24 h after administration. 12-(3-Adamantan-1-ylSoluble epoxide hydrolase and stroke W Zhang et al ureido)-dodecanoic acid butyl ester, its equally active metabolite 12-(3-adamantan-1-yl-ureido)-dodecanoic acid (AUDA) and the inactive metabolite 12-(3-adamantan-1-yl-ureido)-butyl acid (AUBA) were measured in blood samples as described previously Watanabe et al, 2006) . Briefly, blood samples (10 mL) were collected in 1.5 mL Eppendorf microcentrifuge tubes, weighed, and vortexed with 100 mL of purified water. Samples were spiked with a surrogate compound (1-adamantyl-3-decyl urea, 790, 100 ng/mL) and extracted twice with 500 mL ethyl acetate, dried under nitrogen, and reconstituted in 25 mL of methanol containing 1-cyclohexyl-3-tetradecyl urea (500 ng/ml) as internal standard. Aliquots (10 mL) were analyzed by liquid chromatography coupled mass spectroscopy LC-MS/MS (Watanabe et al, 2006; Watanabe and Hammock, 2001) .
The concentration of sEH inhibitors were quantified in extracts using HPLC with positive mode electrospray ionization and tandem mass spectrometry. Analytes were quantified on a 5-point curve with internal standard methods. Surrogate recoveries were evaluated by quantification against the internal standard. Surrogate recoveries were 70% for all reported plasma samples, the analysis of reagent blanks, matrix spikes, and analytical replicates were used to document method stability during this study. 
Statistical Analysis
Differences in infarct size, enzyme activity, and blood flow rates were analyzed with a t-test for two groups and analysis of variance with post hoc Newman-Keuls multiple range test for multiple groups. The pharmacokinetic profile was examined for goodness of fit to a noncompartmental or multicompartmental models. Then pharmacokinetic parameters were obtained by fitting the blood-concentration-time data to a non-compartmental model with the WinNonlin software (Pharsight, Mountain View, CA, USA), as described previously (Watanabe et al, 2006) . The criterion for statistical significance was set at P < 0.05. All values are reported as mean7s.e.m.
Results
To determine if sEH is differentially expressed in cerebral blood vessels and brain parenchyma, we fractionated brain tissue into vascular and nonvascular compartments and probed both compartments with anti-sEH antibody. Figure 1 shows that sEH immunoreactivity (62.5 kDa) is found in both compartments. However, in brain, sEH is predominantly localized in the parenchymal fraction, and to a lesser extent in the vascular compartment, as identified by the vascular smooth muscle marker a-actin (40 kDa). We further examined this observation using immunohistochemistry. Figure 2 shows that sEH is abundantly expressed in brain, especially in areas relevant to the stroke model used in the current study, such as the cerebral cortex (A), and striatum (D). Immunoreactivity was predominantly localized in neurons (arrows in C), and it did not co-localize with the astrocyte marker glial fibrillary acidic protein (GFAP, not shown). Within neurons, sEH immunoreactivity was observed in neuronal cell bodies (dotted arrows in C) and dendrites (solid arrows in C). The most striking finding, however, was the localization of sEH immunoreactivity in axons (fine intersecting processes within neuropil in C) and nerve fiber bundles within gray (arrows in B and D) and white matter (upper arrow in D). Notably, in the striatum (D), immunoreactivity was not observed in neuronal cell bodies and was primarily localized in fiber bundles (cross-sections in D). Less consistent immunoreactivity was seen in vascular cells and in cells morphologically consistent with microglia (data not shown). No staining was observed when the primary antibody was removed, and pre-absorbing anti-sEH antibody with purified sEH protein completely eliminated staining.
To determine blood concentrations of AUDA-BE and its active metabolite AUDA as well as its inactive indicator metabolite (AUBA) pharmacokinetic studies were performed after a single intraperitoneal injection of 10 and 40 mg/kg AUDA-BE. A time-dependent analysis of plasma sEH inhibitor levels is summarized in Figure 3 . 12-(3-Adamantan-1-yl-ureido)-dodecanoic acid butyl ester reached a maximum concentration of 2 mmol/L within the first hour after 40 mg/kg injection ( Figure 3A) . However, when 10 mg/kg AUDA-BE was injected, only the metabolites AUDA and AUBA were detected ( Figure  3B ). 12-(3-Adamantan-1-yl-ureido)-dodecanoic acid butyl ester was rapidly hydrolyzed to AUDA and reached maximum concentration of 4 mmol/L within the first hour ( Figure 3A ). AUDA and AUDA-BE were further degraded to AUBA. 12-(3-Adamantan-1-yl-ureido)-butyl acid (5 mmol/L) was observed in Figure 1 Soluble epoxide hydrolase (sEH) expression in brain. Western blot analysis of brain vascular and non-vascular compartments shows that sEH is predominantly expressed in brain's parenchymal, and to a lesser degree in cerebral vessels. Vascular smooth muscle a-actin is restricted to the vessel fraction, suggesting effective separation of both compartments. Western blot is representative of three blots.
the first hour and the concentration remained relatively stable at 3.5 mmol/L for 24 h after injection ( Figure 3A) . Figure 3B shows that, when administrated at 10 mg/kg, AUDA-BE is rapidly metabolized, and that its active metabolite AUDA reaches a peak concentration of 52 nmol/L at 1 h, with a slow degradation rate over 24 h, whereas AUBA reaches a higher peak of 113 nmol/L at 3 h, followed by a faster degradation rate over 24 h. No apparent adverse effects were noted for either 10 or 40 mg/kg doses during the 24-h period after drug administration. As the 10-mg/kg dose gives adequate blood levels and clear one-compartment pharmacokinetics, subsequent biological studies were performed with this dose. Pharmacokinetic parameters of AUDA in plasma are summarized in Supplementary Table  S1 . These data show a maximum concentration of AUDA at 52 nmol/L within 1 h, a half time of elimination of 7 h and a mean residence time of 9 h (Supplementary Table S1 ).
Previously, we have shown that IC 50 values of AUDA-BE and AUDA are similar and are in the low nanomolar range (Kim et al, 2007; Morisseau et al, 2002) . This concentration was also biologically effective in lowering blood pressure in hypertensive model (Imig et al, 2005) . Therefore, in these experiments, the levels of sEH inhibitors in the blood are in the concentration range expected to inhibit the enzyme. To determine if AUDA-BE and its active metabolite cross the blood-brain barrier and reach adequate inhibitory concentrations, we measured AUDA-BE and its metabolites in brain tissue extracted with methanol and chloroform (Folch et al, 1951) . Although the variability of the inhibitor concentrations was high and the recovery of the compounds was low, significant levels of the active metabolite AUDA, but not the prodrug AUDA-BE or the inactive metabolite AUBA, were detected in homogenates of brain tissue (Supplementary Figure S1 ). AUDA reached its maximum concentration within 3 h after a single injection of 10 mg/kg AUDA-BE with a mean residence time of 6 h and half-time elimination of 4 h (Supplementary Table S1 ).
To determine if these concentrations produce adequate inhibition of enzyme activity in brain, sEH hydrolase activity was measured in brain at 1, 3, 6, and 24 h after AUDA-BE administration (10 mg/kg intraperitoneally, n = 2 per group at each time point) using sEH-specific substrate [
3 H]-trans-diphenylpropene oxide (tDPPO). Brain sEH activity was significantly inhibited by AUDA-BE, and at least 20% inhibition persisted for up to 24 h (Figure 4 ). It should be noted that these sEH inhibitors are reversible transition state inhibitors. Thus, the levels of inhibition are certain to be above those Figure 2 Localization of soluble epoxide hydrolase (sEH) immunoreactivity in mouse brain neuronal cell bodies and processes. Immunoreactivity for sEH in the cerebral cortex (A to C) and striatum (D) is localized to neuronal cell bodies (dotted arrows) and processes (solid arrows). Three immunohistochemistry runs were performed on n = 3 mice.
Soluble epoxide hydrolase and stroke W Zhang et al detected due to dilution of the sample during work up. Having established the effectiveness and bioavailability of AUDA-BE in brain tissue, we set out to determine its effect on ischemic brain injury. Figure  5 summarizes the effect of AUDA-BE on infarct size after MCAO in mice. Compared with vehicle, AUDA-BE (10 mg/kg) reduced infarct size after 2-h MCAO by 40 and 50% when administered 1 h before (pre, n = 5 per group) or at the time of reperfusion (post, n = 5 per group), respectively (P < 0.05).
To determine if the protection observed by sEH inactivation is linked to EETs, we co-administered AUDA-BE with MS-PPOH, which inhibits EETs biosynthesis via the P450 epoxygenase pathway (Brand-Schieber et al, 2000) . To ensure adequate inhibition of EETs synthesis and depletion of already formed EETs, MS-PPOH (0.5 mg/200 mL) was administered over 24 h before MCAO. 12-(3-Adamantan-1-yl-ureido)-dodecanoic acid butyl ester was administered as a single intraperitoneal injection (10 mg/kg) at the time of reperfusion. Figure 6 shows that MS-PPOH blocks infarct size reduction by AUDA-BE. When administered alone, AUDA-BE reduces infarct size from 3372% to 1676% (n = 5 per group, P < 0.05). However, when combined with MS-PPOH, AUDA-BE loses its protective effect (infarct size 3477%, n = 5, which is not different from vehicle), which is not attributable to a nonspecific effect of MS-PPOH, because MS-PPOH alone (2476%, n = 5) does not increase infarct size after MCAO.
We then used [ 14 C] IAP autoradiography to determine if AUDA-BE alters CBF during vascular occlusion. Figure 7A is color-coded distribution of CBF in ischemic and contralateral hemispheres, and Figure 3 Pharmacokinetic profile of sEH inhibitor AUDA-BE and its metabolites in plasma. AUDA-BE was administered to mice as a single intraperitoneal injection of either 40 mg/kg (A) or 10 mg/kg (B). 12-(3-Adamantan-1-yl-ureido)-dodecanoic acid butyl ester and the metabolites AUDA and AUBA were analyzed at 1, 3, 6, and 24 h after injection. Control injections of sesame oil without AUDA-BE led to concentrations of parent drug or metabolites below the detection limits (0.96, 1.10, and 5.78 nmol/L for AUDA, AUDA-BE, and AUBA, respectively). Control values were subtracted from corresponding values at each time point. AUBA is a biologically inactive indicator metabolite. The mean value at each time point represents two animals. Figure 4 12-(3-Adamantan-1-yl-ureido)-dodecanoic acid butyl ester inhibits soluble epoxide hydrolase enzymatic activity in mouse brain tissue after systemic administration. Activity was measured at 1, 3, 6, and 24 h after single AUDA-BE administration (10 mg/kg intraperitoneally) using sEH-specific surrogate substrate [
3 H]-trans-1,3-diphenylpropene oxide (tDPPO). Average activity over 24 h was reduced from 1.927 0.06nmol/mg in vehicle-treated mice to 1.5670.13 nmol/mg protein in AUDA-BE-treated mice (n = 2) at each of four time points: 1, 3, 6, and 24 h after injection, P < 0.05. Figure 5 12-(3-Adamantan-1-yl-ureido)-dodecanoic acid butyl ester decreases infarct size after middle cerebral artery occlusion (MCAO) in mice. Infarct size was reduced from 337 2% (n = 5) in vehicle-treated mice to 2075% (n = 10) and 16 76% (n = 5) when AUDA-BE was administered (10 mg/kg intraperitoneally) 1 h before (pre) or at the time of reperfusion (post) after 2-h MCAO. *Different from vehicle (P < 0.05). Figure 7B is histogram distribution of brain tissue volume over 20 mL/100 g per min increments of CBF rates. Figure 7B shows that regional CBF distribution within the ipsilateral hemisphere at the end of 2-h MCAO was not different between AUDA-BE and vehicle-treated animals (n = 5 per group), suggesting that protection by AUDA-BE is not related to altered ischemic severity.
Discussion
We report the following new findings: (1) sEH is expressed at high levels and is highly active in rodent brain, (2) the predominant localization of sEH in brain is in neuronal cell bodies and processes, and to a lesser degree in cerebral blood vessels, (3) inhibition of brain sEH is protective against ischemic brain damage, (4) the mechanism of protection is linked to the P450 epoxygenase, but it is not mediated through increased CBF during vascular oclusion. The findings suggest that sEH is an important player in ischemic brain injury and may serve as a novel therapeutic target in stroke.
Soluble epoxide hydrolase catalyzes the addition of water molecules to epoxides to form corresponding diols . In humans (Enayetallah et al, 2004) and rodents (Yu et al, 2004; Zheng et al, 2001) , sEH has been detected in a variety of tissues, including brain (Shin et al, 2005) . However, the cellular localization of sEH and its distribution in brain regions are unknown. We show here that sEH protein is abundantly expressed in the cerebral cortex and striatum, and that expression is predominantly localized in neuronal cell bodies and processes. Immunoreactivity for sEH did not colocalize with glial fibrillary acidic protein, suggesting that sEH is not expressed in astrocytes. However, in agreement with a vascular localization in kidney (Yu et al, 2004) , lung (Zheng et al, 2001) , and other tissues, we also observed sEH immunoreactivity in cerebral blood vessels. It is not clear if vascular versus neuronal sEH plays differential roles in brain function and disease; however, cell-specific localization suggests that sEH may play important roles in regulating neuronal function and CBF.
Soluble epoxide hydrolase is a bifunctional enzyme with hydrolase activity residing in the C-terminus and phosphatase activity in the N-terminus (Newman et al, 2003) . Most known sEH functions, however, are attributed to its hydrolase activity, especially the hydration of cytochrome P450 eicosanoids referred to as EETs. Epoxyeicosatrienoic acids are produced in brain and astrocytes (Alkayed et al, 1996b) and exert a variety of physiological functions, including release of hypothalamic hormones (Junier et al, 1990) , CBF regulation (Alkayed et al, 1997) , and protection from ischemic cell death (Liu and Alkayed, 2005) . Furthermore, we showed previously that ischemic preconditioning, a neuroprotective strategy, induces the expression of EETs-synthesizing enzyme in brain (Alkayed et al, 2002) and astrocytes (Liu and Alkayed, 2005) , suggesting that EETs may serve as endogenous neuroprotectants against ischemic brain injury. The biological activity of EETs is terminated Figure 6 P450 epoxygenase inhibitor N-methylsulfonyl-6-(2-propargylloxyphenyl) hexanamide (MS-PPOH) eliminates protection by AUDA-BE. Infract size was reduced by AUDA-BE alone (10 mg/kg, a single intraperitoneal injection at reperfusion) from 3372% to 1676% (n = 5 per group). However, when combined with MS-PPOH (0.5 mg/200 mL over 24 h before MCAO, via subcutaneously implanted osmotic minipumps), AUDA-BE loses it protective effect (infarct size 347 7%, n = 5, not different from vehicle). *Different from vehicle (P < 0.05). via multiple pathways, including hydration into dihydroxyeicosatrienoic acids by sEH (Zeldin, 2001) . Therefore, in the current study, we tested the hypothesis that sEH inhibition, effectively increasing endogenous tissue levels of EETs, is protective against ischemic brain injury. To inhibit sEH, we used AUDA-BE, which belongs to a group of newly developed potent, selective, and metabolically stable sEH inhibitors . Similar inhibitors have been used in vivo to treat systemic inflammation (Schmelzer et al, 2005) and hypertension-related kidney damage (Zhao et al, 2004 ). In the current study, we found that the potent sEH inhibitor AUDA-BE or its active metabolite, AUDA, is capable of crossing blood-brain barrier and effectively suppressing brain sEH enzymatic activity. 12-(3-Adamantan-1-yl-ureido)-dodecanoic acid butyl ester was administered in our study as a single intraperitoneal injection of 10 or 40 mg/kg AUDA-BE, and demonstrated to remain in plasma in its active form as AUDA above the IC 50 for the rodent enzyme in vitro (Kim et al, 2007; Morisseau et al, 2002) . All stroke experiments were performed at a dose of 10 mg/kg parent compound AUDA-BE; the pharmacokinetic profile presented for 40 mg/kg AUDA-BE was presented only to illustrate that the parent compound AUDA-BE can be detected in blood and hydrolyzed into an active inhibitor AUDA. These concentrations of AUDA were shown previously to have biological effects in lowering blood pressure in hypertensive rat models (Imig et al, 2005) .
Effective enzyme inhibition and bioavailability in brain tissue is further supported by measurements of sEH-specific activity in brain after AUDA-BE or vehicle administration, which show that more than a 20% residual inhibition of sEH activity persisted in brain tissue for up to 24 h. It is important to note that the degree of inhibition in vivo is likely to be much higher than 20%. The residual activity reflects remaining inhibition ex vivo after tissue homogenization and washout, which dilutes and releases AUDA-BE from sEH, since inhibition is kinetically reversible and AUDA-BE is not covalently bound to sEH. Nevertheless, the data suggest that AUDA-BE enters the brain after systemic administration, inhibits sEH enzyme activity in brain and the inhibition is sustained for 24 h after a single intraperitoneal injection. Possibly, the relatively high levels of AUDA in the brain come from AUDA-BE penetrating into the brain and then being hydrolyzed to AUDA, which does not penetrate cell membranes as readily. More importantly, AUDA-BE significantly reduced infarct size after MCA occlusion in mice, whether it was given before or after MCA occlusion. The efficacy of after ischemic administration of AUDA-BE suggests that the inhibitor acts during reperfusion, and that tissue protection is not a consequence of reduced severity of ischemia. One limitation of our study is that infarct size was measured only at 24 h of reperfusion. Therefore, it is important to determine in future studies if the protective effect of AUDA-BE is long lasting.
Our previous work (Liu and Alkayed, 2005 ) and a variety of other studies (Liu et al, 2004) demonstrating EETs protective effect against ischemic cell death, and the blockade of the effect of AUDA-BE by MS-PPOH support the hypothesis that the mechanism of neuroprotection by AUDA-BE is linked to stabilization of endogenous EETs. It is not clear, however, if sEH inhibitors act exclusively through vascular mechanisms, and whether brain tissue bioavailability is required for ischemic neuroprotection by sEH inhibitors. The observation that MS-PPOH did not alter infarct size after MCAO suggests that EETs synthesis in normal brain is usually low. However, the amount of bioavailable EETs can be augmented by preventing their metabolism through sEH.
Because AUDA-BE is presumed to act through EETs, which are known vasodilators, we further confirmed the lack of effect of AUDA-BE on regional cerebral blood flow during MCA occlusion using [ 14 C]IAP autoradiography. Absolute CBF rates as well as regional blood flow distribution throughout the ischemic hemisphere were similar at end ischemia between AUDA-BE and vehicle-treated mice, suggesting that the mechanism of protection by AUDA-BE is not mediated through vascular mechanisms that alter ischemic severity, although we cannot exclude the possibility that AUDA-BE improved blood flow during the reperfusion period. This is in agreement with our previous study demonstrating that P450 epoxygenase upregulation by ischemic preconditioning is associated with tissue protection from ischemia without increased CBF (Alkayed et al, 2002 ). This conclusion is further supported by the observation that AUDA-BE remained protective against ischemic damage when administered after MCAO.
In addition to their effects on the vasculature, EETs possess other properties that can potentially explain the protective effect of AUDA-BE. For example, EETs have been shown to suppress inflammation (Node et al, 1999) , hyperthermia (Kozak et al, 2000) , platelet aggregation (Krotz et al, 2004) , generation of reactive oxygen species (ROS) (Spiecker and Liao, 2005) and apoptosis (Chen et al, 2001 ), all of which are known to exacerbate ischemic brain injury. Furthermore, EETs have been linked to blood pressure homeostasis and activation of multiple cell survival pathways, including the opening of mitochondrial ATP-dependent potassium channel (mt-K ATP ) (Seubert et al 2004) and activation of phosphatidylinositol 3-kinase (PI3-K)/AKT (Potente et al, 2003) and mitogen-activated protein kinase (MAPK) pathways (Fleming et al, 2001) . Finally, accumulating evidence suggests that EETs may exert their actions through membrane-associated receptors. Specific high-affinity membrane binding sites for EETs have been described, although no such receptor has been cloned yet. Pharmacological evidence, however, suggests that the putative EET receptors may be linked to adenyl cyclase, cAMP and protein kinase A (PKA) pathway (Wong et al, 2000) .
Our finding that sEH inhibition is protective against ischemic stroke is consistent with human genetic studies demonstrating that genetic polymorphisms in EPHX2, the gene that encodes for sEH, are linked to cardiovascular disease risk, including stroke (Fornage et al, 2005) , coronary heart disease (Lee et al, 2006) and hypertension (Fornage et al, 2002) . In summary, the current study provides the first description of sEH expression in brain tissue and the first characterization of AUDA-BE as a useful agent in the treatment of stroke brain damage. Our findings suggest that sEH is abundantly expressed in neurons, plays an important role in protection from cerebral ischemic injury and may serve as a potential therapeutic target in poststroke brain damage.
